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Abstract
Since the end of June 2008, carbon dioxide (CO2) is being injected in the Stuttgart Formation at Ketzin, Germany as part 
of the European Union’s CO2SINK project. The injection well (Ktzi 201) is roughly 50 and 100 m away from 
observation wells Ktzi 200 and Ktzi 202, respectively. CO2 was detected at the closest observation well on the 15th of 
July 2008, approximately 20 days after injection commenced. Breakthrough at the Ktzi 202 well was recorded on March 
21, more than 8 months after injection was initiated.
Dynamic simulations of the injection and fl ow of C O2 into the subsurface at Ketzin will be described. The three 
dimensional (3D) geological model was built based on a 3D seismic survey as well as logging and core analysis data. 
The formation consists of fluvial sandstone channels within a muddy flood plain at mean depth of 650 m within an 
anticlinal structure.
The geological model uses a cell size of 20x20 m and a layer thickness of 0.5 m, resulting in a total of ~7 million cells. 
The model is upscaled (i.e., coarsened) and the grid is refined locally in the zone comprising the injection and
observation wells. This upscaled model has corner point geometry with 78x74x91 (525,252) grid cells in X, Y, and Z
directions. X and Y direction grid sizes around the wells are respectively 4 m and 5 m. Average grid size in Z direction 
is about 0.5 m.
Following the upscaling of the geological or static model, a blackoil commercial streamline simulator was used to
simulate the flow of injected CO2 according to the actual injection rate history. The phase behavior of CO2 and brine 
were described by blackoil pressure-volume-temperature (PVT) tables. The blackoil PVT was modeled by imposing 
brine properties to the simulator oil model and CO2 properties to the simulator gas model. In this manner, solubility of 
CO2 into water was taken into account. Salinity of the brine is represented by the appropriate density. Fluid properties
(density, viscosity) are pressure dependent and isothermal (at reservoir temperature). The outcome of the simulation is 
the time for injected CO2 to arrive at the observation wells and the history of bottom-hole pressures (BHP) as a function 
of time that can be compared to measurements taken in the bottom of the injection well.
History matching was performed by adjusting the permeability (along and across bedding) until model BHPs agreed 
with the measured ones. Permeability was chosen as history matching parameter because of its high degree of 
uncertainty and relies on the porosity/permeability relation derived from core measurements. Good agreement was
obtained with a multiplicator of 0.1 applied to the permeability across and along bedding. Breakthrough time for the 
closest observation well was in good agreement with reality. However the breakthrough time at the most distant well 
was underestimated by several months. We believe that geological features at distances greater than 50 m from the 
injection well may be responsible for the mismatch and should be investigated further.
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INTRODUCTION
Within the framework of the European Union’s CO2SINK Project [1], ~ 60 000 tons of CO2 will be stored at a depth of 
more than 600 m during the next 2 years in Ketzin, Germany. Under the management of the German Research Centre 
for Geosciences (GFZ) in cooperation with 18 partners from nine countries, the injection into and storage of CO2 in 
deep, saltwater-filled, porous rocks will be examined for the first time Europe-wide. Continuous monitoring of the area 
from the surface to depth is taking place to follow movement of CO2 and chemical and mechanical interaction of CO2
with rock and brine [1].
CO2 injection into the subsurface is a multiphase fl ow process. Since the structure of the geological formations are 
highly complex, numerical simulations are needed to predict the movement of C O2 in the formation, the storage 
capacity of the reservoir, and to ensure that CO2 is retained within the target formation during CO2 geological storage.
Advances in reservoir characterization and 3D geologic modeling lead to build very large and detailed geological 
models, ranging in size fromone to one-hundred million grid cells. Models of this size, however, cannot be simulated 
efficiently using the traditional fi nite-difference approach due to high computation efforts are needed. Streamline 
models provide a tool for rapid evaluation and ranking of 3D reservoir models. Models can be ranked as optimistic, 
pessimistic, most likely or as P90, P50 and P10, across multiple realizations [3,4].
Using streamlines for subsurface modeling backs to the 1950s. The main motivation for using streamlines to solve for 
the fluid flow is the computational speed and efficiency for incompressible or slightly compressible, heterogeneity 
dominated advective fluid flow. These can be gridded and solved using finite difference but expensive. Streamline 
simulation is based on the same physics as used by finite difference, with primary difference being that fluid transport or 
saturation movement is solved along one dimensional (1D) streamline space (Figure 1). Streamlines in (X,Y,Z) space 
form 3D stream tubes. The time-of-flight operator transforms the streamtube flow into 1D where the distance variable 
along streamline at the centre of the streamtube is replaced by a time variable that captures the transport properties of 
the streamtube. The primary strengths of streamline simulation are (i) modeling large heterogeneous multi-well systems 
dominated by convection, (ii) fast flow simulation, (iii) well description and visualization of injector/producer flow 
patterns, and (iv) assisted history matching. That is truly because of the ability of the streamline method to take large 
time steps and still produce stable solutions under such conditions [4,5,6]
Figure 1 Modeling flow along streamlines:  the streamtube is replaced by a space discretization using time-of-flight (TOF) and a flux discretization 
for each streamtube (Figure courtesy of Schlumberger)
The numerical calculations of streamline based simulations are “underdeveloped” for systems which involves complex 
modeling of velocity fields, compressible flows, gravity driven flow, and multiphase and multicomponent processes. 
Key parameters such as breakthrough time can be computed and used to rank different upscaled models through 
sensitivity analysis by streamline simulation. Streamline simulation, in this manner, is referred as a complementary tool 
for history matching study [7,8].
The aim of this work is to detail and describe the different steps undertaken in setting-up the dynamic model with the 
integration of all existing information, carrying out simulation studies for model calibration and presenting the results 
obtained in short term (history matching) simulation. A blackoil commercial streamline simulator called FrontSim was 
used to simulate the flow of injected CO2 into subsurface at Ketzin.
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GEOLOGICAL MODEL
CO2 is being injected into a saline formation of Triassic age (Stuttgart Formation) within the depth interval of 630-710 
m below ground level. Figure 2 shows stratigraphic and lithologic sections of boreholes penetrating the Stuttgart 
Formation in the Roskow–Ketzin double anticline [9]. The Weser Formation, overlaid by the Arnstadt Formation, 210 
m thick altogether constitutes the caprock. The Stuttgart Formation is formed by highly heterogeneous lithological 
variations of alternating sandy string-facies rocks of assumed fluvial origin, and muddy floodplain-facies rocks with 
poor reservoir quality. The width of the channel belts in the fluvial system is estimated to be between several tens and 
hundreds of metres involving stacked sub-channels. The Weser and Arnstadt Formations are mainly made of claystone, 
dolomitic mudstones, and anhydrite, which have excellent sealing properties. The storage formation is in the Eastern 
part of a double anticline structure, tectonically formed above a salt dome Permian in age (Zechstein Formation) about 
1500-2000 m depth [9,10]
Facies modelling, yielding the distribution of high permeable sand-channels throughout the floodplain-facies rocks used
stochastic modelling. The geostatistical input for the stochastic modelling was conceptual models of the 
sedimentological architecture of the Stuttgart Formation as described by Beutler (2002) and well data and information 
from studies of similar sequences and analogue outcrops. Subsequent to the facies modelling process, the petrophysical 
modelling of permeability and porosity within each facies was carried out, including lateral variability in properties
(Kempa et al.). Figures 3 and 4 show the results of the porosity and permeability models respectively. 
Figure 2 Stratigraphic and lithologic sections of boreholes penetrating the Stuttgart Formation in the Roskow–Ketzin double anticline [9]
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Figure 3 Effective porosity distribution scale (0-0.25), line piercing the model shows the location of injection well
Figure 4 Permeability distribution (0-1000), line piercing the model shows the location of injection well
SIMULATION MODEL
GRID GEOMETRY
The geological model uses a cell size of 20x20 m and a layer thickness of 0.5 m, resulting in a total of ~7 million cells.
The model is upscaled (i.e., coarsened) and the grid is refined locally in the zone comprising the injection and 
observation wells (Figure 5). The upscaled model has corner point geometry with 78x74x91 (525,252) grid cells in X,  
Y, and Z directions. X and Y direction grid sizes around the wells are respectively 4 m and 5 m. Average grid size 
thickness is about 0.5 m. The injection well (Ktzi 201) is 50 m and 110 m distant from observation wells Ktzi 200 and 
Ktzi 202, respectively.
Figure 5 Left figure showing the modification of boundaries: T he red cells show where the  pore volume multiplier was applied. Right figure showing 
the well locations: injection well: Ktzi 201; observation wells: Ktzi 200 and Ktzi 202. X and Y direction grid sizes around the wells are respectively 4 
m and 5 m.
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PVT FLUID MODEL
The phase behavior of CO2 and brine were described by blackoil PVT tables. The blackoil PVT was imposing water 
properties on to the oil phase and CO2 properties on the gas phase. Solubility of CO2 into water was taken into account. 
The CO2 density and viscosity (Figure 6) were estimated at Ketzin reservoir temperature of 35 
oC by using the 
correlations and equations available in literature [11,12,13]. Solubility of CO2 in water (Figure 7) was predicted from 
empirical correlation [14,15,16]. The simulations were run isothermal, meaning that fluid properties (density, viscosity) 
are only pressure dependent.
    
Figure 6 CO2 density and viscosity of as a function of pressure at 35 oC
      
Figure 7 Solubility of CO2 in water as a function of pressure at 35 oC
CO2 is a thermodynamically very stable gas and has a density 50% greater than air at atmospheric conditions. The phase 
diagram of pure CO2 shows a critical temperature of 31°C and a critical pressure of 7.4 MPa [17]. Below this 
temperature and/or pressure the CO2 is either in a liquid or vapor phase and above the critical values the pure CO2 is in 
supercritical state. At supercritical pressure and temperature, CO2 behaves like a gas by filling all the available volume, 
but has a ‘liquid’ density that increases, depending on pressure and temperature, from 200 to 900 kg/m3. CO2 is in near 
critical state at Ketzin formation temperature and pressure (Figure 8).
Figure 8 Dashed line show s the supercritical region in P-T curve [18], red star showing the Ketzin operating conditions
SATURATION FUNCTIONS
Relative permeability is defined as the permeability of one phase relative to another when two or more fluids flowing 
together. In a CO2 injection process, as with all multi-phase flow processes, relative permeability is an important factor 
since it determines the mobility ratio and the injectivity of the CO2. 
Steady-State relative permeability measurements have been conducted on Ketzin core plugs, using in-situ X-ray 
saturation measurements. The imbibition experiments were deemed non-representative because the water saturation at 
the start of imbibition was far above connate, and in effect a "scanning relative permeability curve" had been measured. 
Water and decane (substitute for gas) relative permeability values are given in Table 1. The irreducible water saturation 
is equal to 50%. The CO2/water capillary pressure was neglected in this study.
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Table 1 Relative Permeability Values, Courtesy of Shell Intl.
Sw Krw Krg
0.5 0 0.87
0.53 0 0.67
0.57 0.01 0.57
0.61 0.03 0.48
0.64 0.06 0.43
0.7 0.1 0.37
0.72 0.14 0.31
0.75 0.18 0.24
0.77 0.22 0.18
0.79 0.25 0.14
0.81 0.29 0.11
0.83 0.33 0.07
0.87 0.43 0.04
0.9 0.51 0.02
0.92 0.56 0.01
1 1 0
INITIAL AND BOUNDARY CONDITIONS
Equilibrium initialization was used to calculate the hydrostatic pressure distribution with an initial pressure of 175 bars 
(~62 bar) at the datum level of 640 m (subsea). Initial reservoir temperature is 35oC and the simulation has been carried 
out in an isothermal ensemble, where the temperature changes were not considered during CO2 injection. The pore 
volume compressibility is 7.2x10-5 1/bar at a pressure of 62 bar. The brine salinity is about 200,000 ppm [19]. All 
external boundaries are no-flow boundaries. The pore volume of the outermost cells (Figure 7) was however multiplied 
by a factor of one hundred, which ensures that CO2 that reaches the boundaries can flow out without affecting the 
pressure and saturation distribution within the model domain.
HISTORY MATCHING
History matching is an iterative process that makes it possible to match the model to measurements. Starting with an 
initial reservoir description, dynamic simulation is used to match and predict the reservoir performance. It should be 
noted that the history matching process is generally a non-unique problem, as there is usually more than one solution to 
match the available data. As the field continues injection, the predictions of the simulator need to be tested and refined. 
Therefore, model verification is an ongoing process. The following history matching (model calibration) procedure was 
carried out: (1) select the history matching parameters having the highest degrees of uncertainty, (2) determine the 
reasonable limits for the selected history matching parameters, (3) run and compare the simulated well and reservoir 
performance with the historical data (4) repeat the simulation with the adjusted model until a reasonable match was 
obtained between the simulated and observed production/injection and pressure data.  
Classical history matching procedure was used whereby reservoir parameters are adjusted manually by trial -and-error. 
The injection rate, well head pressures, along with known parameters (temperature, pressure, and formation fluid 
properties) were the inputs in the simulation. Parameters that are optimized in most history matching techniques are 
primarily reservoir properties (e.g., permeability, porosity, and other flow-related parameters). Similarly, in Ketzin, 
permeability was chosen as history matching parameter because of its high degree of uncertainty. It relies on porosity-
permeability relation derived from core measurements. 
The objective of history matching process was to obtain an adequate match in terms of downhole pressures of Ktzi 201, 
and the breakthrough time of injected CO2 at Ktzi 200 and Ktzi 202. Input into the model was the injection rate history.  
The bottom-hole and were monitored over time in the injection well.The permeability was modified by applying a 
multiplicator and simulated injection rate and well bottom hole pressures (WBHP) were compared to actual 
measurements. The best match was achieved with a permeability multiplier 0.1 for permeability along bedding 
(PERMX, PERMY and PERMZ) over the whole model domain. This suggests permeability may be overestimated.
Figure 9 shows the vertical distribution of CO2 at different times. It clearly shows the influence of heterogeneities in 
permeability distribution, as CO2 migrates further in higher permeability regions. Figure 10 compares the actual and 
simulated BHP. The average BHP before permeability reduction was 5 bars less than the actual pressure. The pressure 
gap between the actual and simulated values of the initial before history match (BHM) diminishes after April, 2009, 
which is explained by boundary effects. The pore-volume multiplier was not being applied to original model and all 
external boundaries are no-flow boundaries. The CO2 arrival (breakthrough) time to Ktzi 200 was 2 days later than the 
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actual one. These results have shown the necessity for an adjustment of the permeability and applying pore volume 
multiplier. Satisfactory results were obtained in terms of breakthrough time Ktz-200 (Figure 9) and WBHP (Figure 10).  
At the end of history matching, the average permeability values (Table 2) are 24-84 md - line with the observed field 
data from well test measurements [20]. CO2 arrival time at the second observation well was about 160 days earlier than 
predicted by the simulations, indicating that the geological model does not represent the actual geological conditions 
between the injection and the second observation wells. Results from the ongoing interpretation of existing as well as 
new seismic surveys will help to explain the gap in breakthrough time at Ktzi 202.
.  
Table 2 Average parameters before and after history matching
Parameter
Initial values (from 
static model)
History match 
multiplier
Final values (after 
history match)           Well Test Values[21]     
Permeability 200-700 md 0.1 20-70 md 40-80 md
Pore-volume 
multiplier 1 100 100
Figure 9 Gas saturation maps , in cross-sectional view, at different times (dates are on the left bottom corner of each figures), simulated  breakthrough 
at Ktzi200 at July 14th, 2008 (actual was July, 15th 2008); at Ktzi 202 at October 25th, 2008 (actual was Mar, 21th 2009)
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Figure 10 Bottom Hole Pressures (bar) at injection well Ktzi 201: measured and simulated values
CONCLUSIONS AND RECOMMENDATIONS
A multi-phase 3D streamline simulator has been used to simulate and to predict the system performance of C O2
injection on Ketzin. BHP and breakthrough times were compared to the pressure measurements and actual breakthrough 
times. A good match was achieved in predicting (1) the BHP of Ktz-201 injection well and (2) CO2 breakthrough time 
at Ktz-200 by reducing overall lateral permeability by a factor of 10. Early breakthrough at Ktz-202 may be the results 
of geological features (barriers, fractures, etc) and should be investigated further.
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